Objective. To investigate the relationships among bone mineral density (BMD), static alignment and the adduction moment of the knee in patients with tibiofemoral osteoarthritis (OA).
The negative relationship between general osteoporosis and osteoarthritis (OA) is well described. Patients with knee or hip OA show higher bone mineral density (BMD) compared with normal subjects w1±9x. In particular, women with osteophytes have signi®cantly higher femoral BMD than women without osteophytes w2x. Belmonte-Serrano et al. w9x demonstrated that BMD of the total body and lumbar spine measured by dualphoton absorptiometry correlated positively with radiographic knee OA scores; these results did not seem to be due to the local effects of OA on speci®c areas but probably represented the general relationship between the disease and bone metabolism. Few investigators have attributed the high BMD in patients with knee OA mainly to increased bone turnover w2, 8x, while other studies have indicated less bone turnover in premenopausal patients with knee OA w7x. Tibiofemoral knee OA usually shows varus or valgus alignment as well as eccentric high stress distribution in the affected compartment. However, very little is known about the in¯uence of the static alignment or dynamic load of the OA knee joint on the BMD of the lumbar spine w10x.
One of the mechanisms of initiation and progression of articular cartilage damage is increased density or stiffness of the underlying subchondral bone w11±14x. Previous in vitro studies have shown that the mechanical properties of the trabecular bone correlate with the load distribution at the proximal tibia w15±19x. Site-speci®c bone mineral contents of the proximal tibia have been measured by dual-photon absorptiometry and quantitative computed tomography w20±24x. Recently, BMD measurements in this area have been reported using dual-energy X-ray absorptiometry (DXA) in patients with knee OA w25±27x. Previous studies showed that the BMD of the medial tibial plateau was higher than that of the lateral tibial plateau and the bone mineral distribution was associated with the alignment of the lower extremity, suggesting that the load-bearing trabecular bone site has a higher bone mineral density than the unloaded site w20, 23, 24, 27x. Recently, Hurwitz et al. w28x demonstrated a signi®cant relationship between proximal tibial BMD and the magnitude of the dynamic load in normal subjects. However, to our knowledge, the relationships among dynamic load, bone mineral distribution and static alignment of the lower extremity and whether such relationships hold in patients with tibiofemoral OA have not been determined. Among the components of the dynamic load on the knee during walking, the adduction moment of the knee is considered to be the most in¯uential factor contributing to the medial joint force in joints with varus deformity w29, 30x. The purpose of this study was to determine the relationships among BMD of the lumbar spine and proximal tibia, static alignment and OA disease severity, and the adduction moment of the knee in patients with OA of the medial compartment of the knee.
Subjects and methods

Patients
Sixty-nine patients with bilateral medial compartment knee joint OA with radiographically similar disease severity, managed at Fukui Medical University Hospital, were enrolled in this study. All patients had a de®nitive diagnosis of OA according to the American College of Rheumatology criteria w31x. Patients were excluded from the study if they had symptomatic musculoskeletal disorders other than those affecting the knee joints, a history of major trauma or sports injury of the knee, rheumatoid arthritis, gout, pseudogout, autoimmune diseases, neuropathic arthropathy, infectious disease or another major systemic disease. The characteristics of the patients are shown in Table 1 . Although all subjects had bilateral knee disease, measurements were performed on the more symptomatic knee in each patient. Each subject underwent measurements of BMD, radiographic evaluation and gait analysis after a 4-week washout period of antiin¯ammatory medications and physiotherapy. The study was approved by the ethics committee of our institution and written informed consent was obtained from all patients.
Measurement of BMD
Proximal tibiae were scanned by DXA (QDR-1000; Hologic, Walham, MA, USA). Anteroposterior (AP) measurement was performed while the subject was in the supine position on the DXA table with the patella ®xed in the upright position. The lower leg was ®xed on the mattress with the knee¯exed 208 so that the tibia was aligned parallel to the table. For the lateral scan, the lateral side of the knee was in contact with the table.
The prosthetic hip subregion mode was used to scan the knee in both directions. Regions of interest (ROI) were placed on the AP image over the medial and lateral regions beneath the subchondral plates of the proximal tibia. ROI were also set on the lateral image over the anterior and posterior regions of the same level of the tibia (Fig. 1) . To evaluate bones with the same quality between different sites, only regions including trabecular bone in each image were selected for ROI. The BMD of the lumbar spine (L1±4) was measured in the AP view using the conventional protocol provided by the manufacturer. To determine precision error, eight OA knees were scanned three times on different days (within 28 days) with repositioning between scans. The coef®cients of variation of BMD in the medial, lateral, anterior and posterior parts of the proximal tibia and in the lumbar spine were 4, 2, 3, 3 and 2% respectively.
Gait analysis
The computed gait analysis system (Anima, Tokyo, Japan) used in this study included two force plates (each 250 340 cm) and a light source spot-measuring device (consisting of light-emitting diodes attached to the body and four optoelectronic cameras that captured the emitted light). The two force plates were placed on thē oor on either side of the centre line of an 8-m walkway. The re¯ective skin markers for the light source measuring device were attached to both acromions, the anterior superior iliac spine, the iliac crest, the greater trochanter, the lateral joint line of the knee, the lateral malleolus of the ®bula, the lateral side of the calcaneus and the head of the ®fth metatarsal bone. Signals of three-dimensional reaction forces detected by the force plates were passed through an analogue±digital converter to a computer. Joint angles were calculated from the relative translations and rotations of the segments, which were detected directly as the three-dimensional positions of the skin markers by the optoelectronic cameras. The captured marker coordinates were ®ltered with a low-pass digital ®lter at a cut-off frequency of 6 Hz. The resolution of the cameras in the detection of three-dimensional locations of the¯oor reaction forces was < 0.5%; the measurement error of the¯oor reaction forces obtained from the force plate was also < 0.5%.
After several walking trials, the patient was asked to ambulate on the force plate at his or her natural walking speed three times, with both arms folded in front of the chest so as not to interfere with the light from the light source. The sampling frequency was set at 50 Hz (20 ms). As the average walking speed of the subjects was 0.6 mus, the gait data for the individual patients with walking speed nearest to 0.6 mus were selected. The positions of the centres of the hip, knee and ankle joints were identi®ed relative to the positions of the skin markers. The centre of the hip joint was approximated at the point that was located some distance inward from the greater trochanter. The distance was measured on the AP radiographs of each hip joint. The centre of the knee on the frontal plane was located by identifying the mid-point of the line between the peripheral margins of the medial and lateral plateaux at the level of the joint line. The centre of the ankle joint was estimated at the mid-point between lateral and medial malleoli w28, 32, 33x. Data on distances from the skin marker to the centre were entered into the computer. Moments of the knee joint were computed by the use of the three-dimensional rigid body link model of Bresler and Frankel w34x, incorporating the data on the three-dimensional location of each segment, the inertial properties of the limb segment and the data on the¯oor reaction forces w35x.
Radiographic evaluation
All patients had standing AP radiographs of the knee and full-length AP radiographs of the whole lower extremity in full extension of the knee. The projection angle of the radiograph was determined from the lateral radiograph by measuring the posterior tilt of the medial tibial plateau. The AP radiograph of the knee was then obtained with the radiographic beam directed parallel to the medial tibial plateau. From the AP radiograph of the knee, the severity of medial compartment knee OA was classi®ed according to the Kellgren±Lawrence grading system w36x. The narrowest width of the joint space was measured in millimetres in the medial compartment. From the full-length weight-bearing AP radiographs of the lower extremity, the static alignment of the lower extremity was expressed using the mechanical axis, which represented the angle between the line connecting the centre of the femoral head and the centre of the tibial plateau and the line connecting the centre of the tibial plateau and the centre of the ankle joint. In addition, the degree of varus deformity of the proximal tibia was expressed as the tibial condylar angle, representing the angle between the line parallel to the tibial plateau and the line connecting the centre of the tibial plateau and the centre of the ankle joint (Fig. 2) .
Statistical analysis
Quantitative group data were expressed as median and range. The Mann±Whitney U-test was used to compare differences in disease severity and gender. The Wilcoxon signed rank test was used to compare BMD between the medial and lateral or anterior and posterior parts of the proximal tibia. Correlations among variables were assessed with Spearman's rank correlation test. Multiple regression analysis was used to test for associations among variables after adjusting for age, sex anduor body height and weight. A two-tailed P value less than 0.05 was considered statistically signi®cant.
Results
The results of BMD measurements are shown in Table 2 . The tibial BMD of the medial compartment was signi®cantly higher than that of the lateral compartment in both mild and severe OA (P < 0.05 and P < 0.001 respectively). Likewise, the BMD of the posterior tibial region was signi®cantly higher than that of the anterior tibial region in both mild and severe OA (P < 0.05 for mild OA and P < 0.001 for severe OA). The BMDs of the tibial regions correlated signi®-cantly with each other (r = 0.43±0.77, P < 0.01). The ratio of the BMD of the medial tibial plateau relative to the lateral tibial plateau (MuL ratio) was higher in severe OA than in mild OA (P < 0.01), while the ratio of the BMD of the posterior tibial plateau relative to the anterior tibial plateau (PuA ratio) was not different between mild and severe OA. The BMD of the lumbar spine was also not different between groups. The peak adduction moment for severe OA was 30% higher than that for mild OA (P = 0.06). In severe OA, the mechanical axis was signi®cantly larger (P < 0.001), the minimum joint space width was smaller (P < 0.001) and the tibial condylar angle was smaller (P < 0.05) than in mild OA ( Table 1) . The BMD of each measured site in the proximal tibia was not signi®cantly different between men and women except for the MuL ratio. In women, the MuL ratio was signi®cantly higher (P < 0.05), the BMD of the lumbar spine was signi®cantly lower (P < 0.01) and the mechanical axis was signi®cantly larger (P < 0.05) than in men. The peak adduction moment, the minimum joint space width and the tibial condylar angle were not signi®cantly different between men and women (Table 3) .
There were signi®cant correlations between the MuL ratio and the mechanical axis (r = 0.53, P < 0.001; Minimum joint space width of the medial compartment of the knee. d±g Statistically signi®cant (d, f, P < 0.05; e, P < 0.001; g, P < 0.01) by Wilcoxon signed rank test.
FIG. 2. Illustration to show (A) the mechanical axis and (B)
the tibial condylar angle from the full-length weight-bearing AP radiograph of the lower extremity. Fig. 3A) , the peak adduction moment of the knee (r = 0.52, P < 0.001, Fig. 3B ), the minimal joint space width of the medial compartment (r = 0.46, P < 0.05), the tibial condylar angle (r = 2 0.41, P < 0.01) and the grade of OA severity (r = 0.48, P < 0.01). Signi®cant correlations were still present after adjusting for age, sex, height and body weight.
The adduction moment of the knee correlated signi®cantly with the mechanical axis (r = 0.62, P < 0.001; Fig. 3C ) and tibial condylar angle (r = 2 0.50, P < 0.01) in addition to the MuL ratio. Signi®cant correlations were still present after adjusting for age and sex.
The BMD of the lumbar spine correlated signi®cantly with the BMD of the anterior (r = 0.41, P < 0.01), posterior (r = 0.52, P < 0.001) and lateral (r = 0.34, P < 0.05) parts of the proximal tibia, and signi®cant correlations were still present after adjusting for age, sex, height and body weight. The PuA ratio did not correlate with any other measurement.
Discussion
In this study, the BMD of the proximal tibia was higher in the medial compartment than in the lateral compartment and higher in the posterior region than the anterior region in OA of the medial compartment of the knee. This ®nding is probably due to increased weight bearing on the medial condyle relative to the lateral condyle with varus deformity w20, 24, 27x and seems to be associated with the fact that the articular cartilage of medial compartment knee OA is predominantly affected in the posterior part of the articular cartilage or¯exion contracture that is usually seen in advanced knee OA. In addition, we found that the MuL ratio of the proximal tibial BMD increased with increasing adduction moment, more varus alignment and more advanced medial compartment OA grade. However, the bone mineral distribution of the proximal tibia in the sagittal plane (the PuA ratio) did not correlate with any other measurement. Therefore, the bone mineral distribution of the proximal tibia in medial compartment knee OA was associated mainly with the articular load distribution in the frontal plane, and the load distribution in the sagittal plane varied widely with the severity of OA.
On the basis of our cross-sectional study, we do not think one can conclude that the higher BMD was a consequence of a higher load. However, other groups have shown changes in subchondral bone density of the proximal tibia in knee OA w12, 27x. Previous studies have shown the presence of thick trabecular bone in areas with high BMD that could have formed by higher mechanical load w13, 20x. Thus, it is likely that higher BMD was a consequence of higher load in this study. In addition, others have postulated that repetitive cumulative microdamage leads to the remodelling and stiffening of bone w11x. Therefore, both thicker trabecular bone and microfracture of the cancellous bone may be caused by the high BMD, and the presence of stiff subchondral bone may result in further damage to the articular cartilage in our patients with established OA. If these relationships are applied clinically, our results suggest that the evaluation of BMD at the proximal tibia, the adduction moment of the knee or the static alignment may help in predicting disease progression in patients with medial compartment knee OA. In addition, it has been reported that, in normal adults, bone mineral distribution in the proximal tibia is associated with the peak adduction moment of the knee w28x. Therefore, evaluation of the BMD at the proximal tibia and the adduction moment in healthy adults may help in predicting those at risk of knee OA.
In this study, we have shown a signi®cant relationship between the adduction moment and the static alignment of the lower extremity or varus deformity of the upper Statistically signi®cant (d, P < 0.01; e, P < 0.001; f, P < 0.001) by Wilcoxon signed rank test.
tibia. However, there is controversy regarding the relationship between the peak knee adduction moment and the static alignment of the lower extremity w37± 43x. Even in studies that supported positive relationships w38, 39, 43x, the associations were relatively weak. It is suggested, therefore, that the adduction moment of the knee and static alignment do not correlate when the individual patient adopts a compensatory mechanism to unload the knee w44x.
It has been reported that the BMD of the lumbar spine correlates with disease severity w5x or varus deformity at the proximal tibia w10x in knee OA. However, we did not ®nd such a relationship in the present study. This discrepancy may be due to the different characteristics of the participating subjects or to sample size. In addition, our results showed the lack of relationship between the BMD of the lumbar spine and the adduction moment of the knee. These results suggest that lumbar BMD may not be affected directly by changes in local biomechanical characteristics or biological events such as osteopenia as a result of in¯ammatory cytokines w26x around the knee joint, although it is also possible that general or total body osteoporosis causes local osteopenia independently of the magnitude of local stress distribution.
In conclusion, we have demonstrated that the bone mineral distribution of the proximal tibia is affected directly but that the lumbar BMD is not in¯uenced by local mechanical stress in patients with OA of the medial compartment of the knee.
